Signaling through the Drosophila EGF receptor (DER) is important for the growth and differentiation of the wing. These processes may be mediated by different DER ligands including Spitz (Spi) and Vein (Vn). Here I investigate the roles of these ligands and other DER pathway components in wing disc development using in vivo culture to produce mutant discs from genotypes which are normally embryonic lethal. I find no role for spi in wing disc growth, whereas vn is essential, spi mutant wing discs are morphologically normal as judged by expression of the vein marker rhomboid (rho) and analysis of the differentiated wing tissue, rho, Star (S) and argos (aos) which are known to be involved in Spi/DER signaling are likewise not required for wing growth, whereas pointed (pnt), which acts at the end of the intracellular pathway, is required. The results suggest different ligands and molecular mechanisms control DER signaling in wing growth and differentiation.
Introduction
During development extracellular signals pass between cells to organize tissue pattern and size. These signals include the ligands for membrane receptors such as the Drosophila EGF receptor (DER), a receptor tyrosine kinase, which has three candidate activating ligands, Gurken (Grk), Spi, and Vn (Rutledge et al., 1992; NeumanSilberberg and Schupbach, 1993; Schnepp et al., 1996) . Spi and Grk are similar to vertebrate TGF-o~ and are made as transmembrane precursors which are likely cleaved to a soluble form. Vn is more similar to the vertebrate neuregulins, which are ligands for EGF receptor relatives, as it has an Ig and an EGF domain and is soluble, as are some neuregulin isoforms (Yardin and Wen, 1994) . DER has a remarkable number of roles in development involving cell survival, proliferation and fate determination in diverse tissues and stages: oocyte (Ray and Schtipbach, 1996) ; embryo (Shilo and Raz, 1991; Schtipbach, 1992, 1994; Shilo, 1992, 1993; Baumann and Skaer, 1993; Kim and Crews, 1993; Klfimbt * Tel.: +1 614 2928857; fax: +1 614 2924466; e-maih simcox.l @osu.edu et al., 1995; Kuo et al., 1996) ; adult (Baker and Rubin, 1989; Schtipbach, 1989, 1994; Dfaz-Benjumea and Garcfa-Bellido, 1990; Sturtevant et al., 1993; Xu and Rubin, 1993; Dfaz-Benjumea and Hafen, 1994) . Two alternative forms of the receptor exist (Schejter et al., 1986) but the array of receptor functions is likely controlled for the most part by the activity of ligands. Grk functions in the ovary to determine the anterior-posterior and dorsal-ventral axes of the oocyte (Ray and Schiipbach, 1996) , whereas Spi and Vn are required for activating DER signaling in the embryo and the adult (Mayer and Ntisslein-Volhard, 1988; Rutledge et al., 1992; Kim and Crews, 1993; Freeman, 1994; Tio et al., 1994; Schweitzer et al., 1995a,b; Schnepp et al., 1996; Simcox et al., 1996) .
In the embryo, Spi and Vn are involved in ventrolateral development, where Spi appears to be the major ligand as it has a more profound effect on ventral patterning (Mayer and Ntisslein-Volhard, 1988; Schnepp et al., 1996) . However, analysis of spi; vn double mutants reveals the genes act synergistically in DER signaling in the ventrolateral epidermis . The molecular mechanism of Spi/DER signaling in the embryo has been extensively investigated. Spi is made as a transmembrane precursor which is likely cleaved to produce the active protein, secreted Spi (sSpi) (Rutledge et al., 1992; Schweitzer et al., 1995b) . The spatial production of sSpi may be limited by the action of other genes in the DER pathway such as Rho and S which are membrane proteins and may be involved in processing or presenting Spi (Bier et al., 1990; Kolodkin et al., 1994; Schweitzer et al., 1995b) . The temporal control of Spi/DER signaling occurs via two known mechanisms. In the first, Spi-activation of DER leads to the production of Aos, which is a DER inhibitor and acts on neighboring cells to shut down DER signaling (Freeman et al., 1992; Schweitzer et al., 1995a; Golembo et al., 1996) . In the second, Spi/DER signaling leads to loss of DER transcripts, thus limiting DER production (Sturtevant et al., 1994) . In contrast, little is known about Vn/DER signaling in the embryo. However, vn is transcribed in a localized pattern and encodes a secreted protein which is not tethered to the membrane Simcox et al., 1996) . Thus, Vn would not require the mechanisms which act to modulate the spatial activation of Spi. In temporal regulation, Vn/ DER signaling would be affected by down-regulation of the receptor but whether Aos can compete with Vn, as was shown directly for Spi (Schweitzer et al., 1995a) , is not known. Further, nothing is known about how Vn and Spi may function together in DER signaling in the embryo.
In the adult, DER is required for growth of the wing disc and differentiation of cell types (Clifford and Schtipbach, 1989; Diaz-Benjumea and Garcfa-Bellido, 1990 ). Spi and Vn both have a role in differentiation of veins and Vn is also required in intervein regions (Sturtevant et al., 1993; Simcox et al., 1996) . Vn has a role in wing disc growth as vn null mutants have a phenotype like hypomorphic DER mutants in which the wing and haltere discs are very small (Wurst et al., 1984; Simcox et al., 1987 Simcox et al., , 1996 . Here I investigate the role of spi in growth of the wing disc and show that, unlike vn, it appears to be dispensable for growth of the disc. The results suggest different ligands and molecular mechanisms control DER signaling in its various functions.
Results

Discs recovered from cultured mutant embryos
Anterior fragments from wild type and mutant embryos were cultured in vivo to allow the imaginal discs to develop. The cultured embryos were recovered after 5-7 days (25°C) and the inventory of discs was recorded. Each disc type can be recognized by position and morphology and the percent of each disc type found in the cultured embryos is given in Table 1 . In wild type, the eye-antenna1 discs were almost invariably recovered (97% of expected). This is due to their large size and location between the brain and the mouth hooks which are easy to find landmarks. The wing discs which are also large and develop relatively unimpeded by other tissues were also recovered at high frequency (88% of expected). The haltere, which grows in a similar position, but is smaller than the wing, was recovered at slightly lower frequency (68% of expected). Less than half of the expected leg discs were recovered (41% of expected). This is probably because four of the six leg discs develop in close proximity to t~!rhe fraction of expected is based on the normal number of the disc type in a wild-type larva. c(+) indicates the cultured discs gave rise to differentiated implants after metamorphosis in a larval host. dNo mature sized wing or haltere discs were identified in cultured vn orpnt mutants. Both mutants produced small wing discs but these were difficult to identify in the cultured embryos and could not be reliably scored. Small implants of wing tissue were recovered frompnt mutants but not from vn mutants ( Table 2) .
both the brain and the larval cuticle and these structures can get disrupted when the embryo is inverted prior to culture; additionally, the brain grows extensively and can impede development of the leg discs. The wild type disc inventory serves as a reference for the development of discs in the mutant genotypes. Mutant embryos of null or strong genotypes were used in all the experiments and their cuticle phenotypes are shown in Fig. 1 . Discs were recovered from all mutant genotypes except DER (Table 1) . However, other tissues did grow in DER embryos as the size of the implant was considerably bigger than the embryo (data not shown). DER null embryos are severely affected with extensive deletions of the head and ventral cuticle (Fig. 1B) . It is likely disc primordia are absent in these DER mutants because the regions of the embryo where discs originate, head and ventro-lateral epidermis, are deleted, spi, rho, S and aos gave rise to all disc types (Table 1) . However, the recovery of leg discs (15-25%, Table 1 ) was about half that of wild type (41%, Table 1 ). It is likely the leg disc primordia are sometimes deleted in these mutants as the Keilin's organs, which fate map close to the leg discs, are also sometimes defective or deleted ( Fig. 1 ). In spi, rho, S and aos mutants, apparently normal wing discs developed which were comparable to wild type in size (Fig. 2) . In contrast, no mature sized wing discs were recovered from cultured vn and pnt embryos (Table 1) . Likewise no mature sized haltere discs were recovered from vn and pnt (Table 1) . However, other discs grew in vn and pnt mutants as normal numbers of leg and eye-antennal discs were recovered (Table 1) .
Vein and intervein territories in cultured discs
rho is a molecular marker for developing vein cells in the wing pouch, and starting at late-third instar, rho is expressed in a series of stripes marking the presumptive veins (Sturtevant et al., 1993) . Cultured wild type, spi, rho, S and aos mutant discs were hybridized with a rho probe to analyze the pattern of pre-veins. The rho pattern in the spi, S and aos mutant wing discs was like that of wild type cultured discs, suggesting vein and intervein territories form in these mutants (Fig. 2) . A weaker pattern of stripes formed in the rho mutant discs (data not shown), suggesting that although rho is required for vein development its pattern of expression in a rho mutant is initially normal. The weak stripes probably reflect reduced rho expression in the mutant discs as rho dezl is a deletion allele.
Differentiated implants from cultured discs
Cultured discs representing all the types recovered in each genotype were implanted into larval hosts for metamorphosis. These discs gave rise to differentiated structures characteristic of the disc type (Table 1) .
The differentiated wing disc implants were analyzed for the presence of notum, hinge, wing blade, and anterior and posterior margin tissue (Table 2) . spi, rho, S and aos mutants produced all of these wing disc derivatives, suggesting the gross pattern of the differentiated discs was normal (Fig. 3) . Differentiated veins could not be examined because the two surfaces of the wing do not align and flatten sufficiently in the implants to allow this analysis. Two pnt wing implants were recovered (Table 2 ; Fig. 3G ). These were tiny and poorly differentiated but still recognizable as wing. Tissue differentiated from vn wing discs (in this case dissected from a larva, not a cultured embryo) was not recognizable as wing (Fig. 3B) .
The focus of this study was the wing; however, pattern abnormalities were noted in other discs from some mutants, pnt leg tissue gave rise to bristle organs in which the bracts were apparently transformed into bristles (Fig. 3H ). All mutants gave rise to head capsule and antennal structures but no ommatidia were seen in implants from spi, S and pnt mutants.
Expression pattern of DER, vn and rho in early wing discs
The wing disc grows exponentially during larval life and genes important for disc cell proliferation begin to be expressed in early discs. We showed the phenocritical time for vn function in disc growth was in the first and second instars and that vn is expressed in discs in the second instar . Here I tested whether DER and rho are also expressed at this time in disc development, spi transcription was not examined because it has been reported as being ubiquitous in embryos and discs (Rutledge et al., 1992; Sturtevant et al., 1993) . Furthermore, Spi activity may have a different distribution than the transcript because production of the active form of the protein (secreted Spi) may be spatially restricted by the activity of other genes (Schweitzer et al., 1995b) . Rho may be important for Spi/DER signaling and serve as an indicator of when and where spi is active in wing discs. Second and early third instar wild type wing discs were hybridized with DER, vn and rho probes to determine the expression pattern of these genes (Fig. 4) . DER and vn are expressed in second and early third instar wing discs, whereas rho is not expressed until early third instar.
Discussion
The DER signaling pathway is important for a number of developmental events and is thus a useful paradigm for determining how the same receptor mediates different cellular responses. In the case of DER, some of the specificity is generated by ligands which have different protein structures and spatio-temporal patterns of expression. Spi and Vn are involved in ventrolateral development in embryos Fig. 1 . Ventral cuticle phenotypes of wild-type and DER pathway mutant embryos. A region including the first abdominal and third thoracic segments is shown. (A) Wild type embryo. Each thoracic segment has a denticle belt and a pair of Keilin's organs (ko). (B) DER lP°2/3rls. There is no ventral cuticle and the anterior has a large hole. (C) spi ttA/vA17. Ventral denticles are deleted so that the width of the belt is reduced. The Keilin's organs are variably missing and defective; in this embryo, there is one in the third thoracic segment (ko). (D) vn Rr/R°. The denticle belts are like wild type and the Keilin's organs are present (ko). In more extreme vn mutants there is a slight reduction in the width of the denticle belt and the Keilin's organs are missing or abnormal . (E) rho aeu/7M43. Ventral denticles are deleted so that the width of the belt is reduced. The Keilin's organs are variably missing and defective; in this embryo, there is one in the third thoracic segment (ko). (F) S lmu. Ventral denticles are deleted and the Keilin's organs are variably missing and defective; in this embryo, there is one in the third thoracic segment (ko). (G)pnt 9j/ass. There are subtle ventral defects inpnt mutants (Mayer and Ntisslein-Volhard, 1988) . The Keilin's organs are present but the hairs are spread apart (ko). (H) aos ~5/~7. The ventral denticle belts are expanded as compared to wild type (A); this can be seen most clearly in the first row of denticles in the abdominal belts (arrows in A,H). The Keilin's organs are present (ko). and in wing vein-intervein differentiation, vn is also involved in the development and growth of the early wing disc and this prompted the question of whether spi is required for wing disc growth. I used embryo culture to circumvent the embryonic lethality of spi and produce wing discs in which all cells were mutant for spi. This method avoids the use of mosaics in which a phenotype may be masked due to non-autonomy or perdurance. bThe number of differentiated wing implants examined for each genotype is given. For vn and pnt the numbers are low (0 and 2, respectively) because these mutations specifically affect wing disc growth (Table 1) .
Vn/DER not Spi/DER signaling is important for wing disc growth
Hypomorphic alleles of DER have a phenotype in which the wing and haltere disc fail to grow, whereas their ventral counterparts, the legs, appear normal (Clifford and Schtipbach, 1989) . This disc-specific phenotype is also seen in vn null mutants (Wurst et al., 1984; Simcox et al., 1987 . Genetic and molecular evidence suggests Vn is a DER ligand and together these data suggest Vn/DER signaling is important for wing disc growth. The results presented here show that, in contrast, Spi/DER signaling is not required for wing growth because cultured spi embryos produced mature-sized wing discs. The spi discs were patterned with vein and intervein territories like wild type discs (Fig. 2B ) and differentiated wing structures that looked normal (Fig. 3C ). It is a formal possibility that Spi was supplied by the normal host to the mutant discs during culture and this supported their growth. However, during normal development the production of the active form of Spi, sSpi (which is apparently very potent and made the production of transgenic lines difficult), appears to be tightly regulated and thus it seems unlikely significant quantities of sSpi are circulating in the hemolymph (Schweitzer et al., 1995b) .
Cultured spi and vn embryos produced leg discs of apparently normal size. Thus, neither of these ligands has an equivalent function in the leg to that of Vn in the wing. DER clones have reduced viability in the leg; however, the analysis of DER hypomorphs suggests DER signaling is of greater importance in the wing (Clifford and Schtipbach, 1989; Dfaz-Benjumea and Garcfa-Bellido, 1990; Xu and Rubin, 1993) . The observation that cultured pnt embryos produced leg discs also argues against an important role for DER signaling in the legs because pnt acts at the end of the Ras/MAPK pathway and may be a convergence point of signals generated from more than one DER ligand (Brunner et al., 1994a; . Whether an unknown 'DER-leg-ligand' exists or basal signaling from the receptor is sufficient for leg disc growth, and what the intracellular route of signaling is, remain to be seen.
Vn/DER and Spi/DER signaling require different cofactors
A number of gene products in addition to ligands are known to be involved in DER signaling. These include members of the spi group which are linked by common mutant phenotypes and genetic interactions (Mayer and Ntisslein-Volhard, 1988) . The spi-group members, rho and S, encode membrane proteins and although their biochemical roles are not yet known, genetic evidence suggests they act upstream of spi and may mediate Spi/DER interaction (Bier et al., 1990; Kolodkin et al., 1994; Schweitzer et al., 1995b) . I tested whether these two genes also played a role in DER signaling in wing disc growth and found that, like spi, rho and S cultured embryos produced mature sized wing discs which differentiated normal wing structures. I also tested the role of Aos, a negative factor, which acts as a competitor of Spi/DER signaling and likewise aos did not affect wing disc growth (Schweitzer et al., 1995a; Golembo et al., 1996) . These data suggest that rho, S and aos do not function in Vn/ DER signaling in wing disc growth.
Pnt may be a target o f Vn/DER signaling
pnt encodes two ETS-domain transcription factors (P1 and P2), one of which (P2) is a substrate for MAPK, a component of the Ras pathway, which is activated by DER signaling (Kl/imbt, 1993; Brunner et al., 1994a; Brunner et al., 1994b; . The two Pnt proteins are derived from two messages (P1 and P2) which have different expression patterns and confer different phenotypes when disrupted (Kl~imbt, 1993; Scholz et al., 1993) . Genetic data suggest P2 is active in wing and eye development and hypomorphic alleles have phenotypes in which the wing is either absent or has a duplication of anterior structures which replace posterior structures (Scholz et al., 1993; . Similar wing phenotypes are seen in vn mutants, which is consistent with these genes functioning in a common pathway . In support of this, I show here cultured vn and pnt embryos did not produce mature-sized wing discs (Table 1) , although two cases of small, poorly differentiated pnt wing implants were recovered (Table 2; Fig.  3G ). The expression pattern o f p n t has not been described for the wing disc during larval development but pnt P2 is expressed in the dorsal disc primordia in the embryo, and therefore pnt may have an even earlier role in wing development than vn, which is not expressed in wing discs until larval stages (Scholz et al., 1993; Schnepp et al., 1996; Simcox et al., 1996) . These data suggestpnt, like vn, is required for growth of the wing disc and may act in Vn/DER signaling. The relationship of the two genes needs to be tested directly to determine if pnt is a target of Vn signaling, or, given its earlier expression in the wing disc, whether pnt induces vn expression, or indeed if both mechanisms operate.
Different molecular mechanisms for DER signaling
The data presented here and from other work suggest that different ligands mediate the various tasks of DER.
This raises the issue of why there are multiple ligands. In the embryo, Spi and Vn are important for DER signaling in the ventrolateral ectoderm. In this case Spi seems to have a more significant role than Vn, as judged by the different severity of defects in the mutants (Mayer and N~isslein-Volhard, 1988; Schnepp et al., 1996) and the ability of Spi, but not Vn, to induce ectopic ventral fates (Schweitzer et al., 1995b; G. Grumbling and A.S., unpublished observation) . This raises the issue of whether the ligands are biochemically equivalent. In the EGF domain, which is critical for receptor binding, the proteins share only 37% identity and could have different affinities for the receptor which might account for the different potencies suggested by the analysis of the embryo. Moreover, in other regions the proteins are quite distinct. Spi is made as a transmembrane precursor which is processed to a soluble form, whereas Vn is made directly as a soluble protein. Vn also has an Ig-like domain which is a highly conserved protein domain important for protein-protein interaction. These distinct features of the genes suggest their regulation may be different and this could occur at a number of levels as discussed below.
First~ tissue-specific expression of a ligand may be the critical factor. In this scenario, biochemically equivalent ligands would take on a particular task due to their expression pattern (Gu et al., 1995) . Here I show that DER is broadly expressed in second and early third wing discs and that vn is also expressed at this time, albeit in a more restricted pattern (Fig. 4) . Thus, the role of Vn/DER signaling in early wing disc growth revealed from mutant analysis is consistent with the genes being expressed at this time. I could not look at Spi expression in early wing discs directly as there are no reagents which specifically reveal the distribution of active Spi. However, rho expression, which may serve as a marker for cells in which Spi is active, suggests Spi is not made early enough in disc development to drive DER-mediated cell proliferation.
Second, extracellular events mediated by ancillary proteins may be important for interaction between the ligand and the receptor and these could be distinct for ligands such as Spi and Vn which have different protein structures. Rho and S are transmembrane proteins which hyperactivate DER signaling and may have a role in cleaving the transmembrane form of Spi into the active soluble form, or alternatively, for ligand presentation (Schweitzer et al., 1995b) . Vn would not require cleavage but it could use a presentation mechanism dependent on Rho and S. However, the data shown here demonstrate rho and S do not affect wing growth and argue against a putative role for these genes in Vn/DER presentation. Unlike Spi, Vn has an Ig-like domain, which in other proteins has been shown to be important for protein-protein interaction. The Ig-like domain may be the key for promoting Vn/DER interaction. Aos is a secreted negative factor which is produced in response to Spi/DER signaling and acts to shut down DER signaling in neighboring cells, effecting a negative feedback loop (Golembo et al., 1996) . Is Aos produced in response to Vn/DER signaling? In the embryo this issue cannot readily be resolved because Spi/DER and Vn/DER signaling occur in the same domain. However, in pupal wing development aos and vn are expressed in non-overlapping domains, suggesting aos induction is not always a consequence of Vn/DER signaling . The data presented here also suggest Aos is not part of Vn/ DER signaling in wing disc growth as aos mutants produced apparently normal wing discs which differentiated wing structures (Fig. 3F) . However, it is difficult to predict what the expected mutant phenotype would be if aos played a role in Vn/DER signaling in wing disc growth; the loss of a negative factor may be expected to have produced disc overgrowth. A tissue-culture activation assay (Schweitzer et al., 1995b) could be used to test if Aos is made in response to Vn/DER interaction.
Third, intracellular events may be important. Here I suggest that a transcription factor encoded by pnt (P2) may be involved in Vn/DER signaling; however, it is very likely there are additional factors which transduce the Vn/DER signal. Future work should be directed towards understanding why multiple ligands exist and unraveling the gene combinations that bring about specific cell responses; these are likely to include not only various combinations of DER pathway components but also other signaling pathways.
Experimental procedures
Stocks
The cultured embryos were transheterozygous combinations of either strong or null alleles. DER flb3F18 is a gene deletion and DER t°ple°2 is a null EMS-induced allele (Clifford and Schfipbach, 1989; Clifford and Schiipbach, 1994) . spi VA17 is a gene deletion (Rutledge et al., 1992) and spi lla is a strong EMS-induced allele (Mayer and Niisslein-Volhard, 1988) . rho dell is a gene deletion (Bier et al., 1990) and rho 7M43 is a strong EMS-induced allele (Mayer and Ntisslein-Volhard, 1988) . S 1 and S lm are strong EMS-induced alleles (Mayer and NiJsslein-Volhard, 1988; Lindsley and Zimm, 1992) . vn Rr is a deletion and vn RG is a strong EMSinduced allele . pnt ~88 is a deletion (Scholz et al., 1993) and pnfl g is a strong EMS-induced allele (Mayer and NiJsslein-Volhard, 1988; Kl~nbt, 1993) . aos a5 and aos ~7 are deletions (Freeman et al., 1992) . spi IIA/ VA17, rhodemTM43 and S 1ms mutants were identified as unhatched embryos with denticle belt fusions and head skeleton defects, vn alleles were maintained over a TM3, Sb, y+ balancer chromosome in a y background and y: vn Rr/ RG mutants were recognized by y mouth hooks and denticle belts, pnt 9J/A88 and aos A5/~7 were recognized as unhatched embryos with defective head skeletons, pnt and aos alleles were maintained over TM3, Sb balancer chromosomes and the non-Sb phenotype of differentiated adult tissue from pnt and aos mutants confirmed the correct selection of these embryos. Some experiments were also done with a y; aosas/TM3, Sb, y+ stock and the aos~5/aos ~5 embryos were identified with the y marker.
In vivo culture
Embryos were bisected in Ringer's solution and the anterior ends were inverted using a pair of tungsten needles. The embryos were then injected with a glass needle into the abdomen of etherized female sterile hosts that were stuck by their wings to double sided tape. The hosts were ovo DI females which have rudimentary ovaries and therefore provide more space than wild type females for the transplanted embryos to grow. Female hosts were maintained at 25°C for 5-7 days and then dissected. The discs in the implants were either inventoried and then implanted into larval hosts, or processed for in situ hybridization.
In situ hybridization
In situ hybridization was done using digoxygenin RNA probes and standard procedures .
The vn and rho probes were made using cDNA templates. The DER probe was made using a 500 bp PCR fragment as a template.
